The purpose of this work was to study the behavior of (1-3)(1-4)--D-glucan in pressurized hot water. For this purpose, solidglucan (450 kDa) was put in water and heated at different temperatures (120, 150, and 170 ∘ C) for different times (5 to 360 minutes). At 120 ∘ C it was found that the highest soluble -glucan concentration was measured after 60 minutes; at 150 and 170 ∘ C optimal times were 45 and 20 minutes, respectively. The maximum amount of -glucan dissolved in each of the optimal conditions was 1.5, 2.2, and 2.0 g/L, respectively. Under those conditions an important reduction was observed in the molecular weight: at 120 ∘ C and 60 min it was 63 kDa; at 150 ∘ C and 45 min it was reduced down to 8 kDa; and at 170 ∘ C and 20 min it was only 7 kDa. Besides this reduction in the MW some hydrolysis products, such as glucose and HMF, were observed. These results revealed the convenience of using PHW to dissolve -glucans since the operation times, compared to the conventional process (55 ∘ C, 3 h), were reduced despite the fact that the MW was significantly reduced once the -glucan was dissolved; therefore, PHW can be used to extract -glucans from barley under controlled conditions in order to prevent severe degradation.
Introduction
-glucan, a D-glucose linear homopolymer, is the major fiber constituent of barley. In -glucans, D-glucose is linked to other two or three units by means of -(1-4)-O-glycosidic linkage (forming cellobiose or cellotriose blocks) which in turn are separated by a -(1-3)-O-glycosidic linkage. The presence of this 1-3 linkage alters the linear structure of the polymer, allowing the water to get into the differentglucan chains being soluble in water as a consequence. The final solubility properties of the -glucan are affected by a number of parameters referring to the molecular structure [1] : the ratio -(1-4)/ -(1-3) linkages; the length of the -(1-4) structures; and the molecular weight.
There are an important number of extraction procedures of -glucan and according to Vasanthan and Temelli [2] can be classified in two types: dry (based on milling procedures) and wet. Wet extraction processes are the most common and simple since they use water or alkali solutions at temperatures in the range 40-75 ∘ C. In all those works it has been seen that the extractability of -glucans is increased with the temperature [3] . Benito-Román et al. [3] also reported that the -glucan extraction is mass transfer limited, so high stirring rates and small particle sizes of barley are needed. Increases in the temperature when extractingglucan from barley present two parallel effects: the increase of -glucan extractability and the gelification of starch [4] . The gelification of starch occurs at temperatures above 63 ∘ C, phenomena easily recognizable since the viscosity of the extraction media increases dramatically due to the sharp rise in the concentration of dissolved starch (rising from 0.1% to 1% [3] ). High viscosities reduce the efficiency of the stirring and hence the extraction of -glucan is hindered. Therefore, a new extraction method that helps to increase the -glucan extraction rate reducing the amount of starch in one single step is required. In this sense the use of pressurized hot water 2 International Journal of Carbohydrate Chemistry (PHW) appears to be an attractive alternative to increase the solubility of -glucans and to avoid mass transfer limitations due to its special features.
The term PHW refers to the water in liquid state in the range 100 ∘ C (boiling point) and 374 ∘ C (critical temperature of water) by the application of pressure. Properties of water (density, ionic strength, viscosity, and surface tension) change dramatically when changing pressure and specially temperature. For instance, the ionic product increases from 10 −14 at room temperature to 10 −11.59 at 155 ∘ C and 20 bar [5] . This leads to an increase in the concentration of the hydronium ions which promote the hydrolysis reactions [6] . PHW also presents lower viscosity but higher diffusivity than water at room temperature, which favors the diffusion into the vegetal matrix and the release of compounds [7] . Due to the above-mentioned properties PHW has been used with two different purposes: first, as an extraction media to recover bioactive compounds (phenolics, diterpenes among others [6] , or polysaccharides from natural matrixes [8] [9] [10] [11] ) due to its enhanced transport properties. The second main use of PHW has been as a reaction media to study the hydrolysis of polysaccharides (i.e., starch) from biomass to obtain the monomers (hexoses when the substrate is starch or cellulose; or pentoses from arabinoxylans). Then the degradation kinetics of these compounds have been studied [12, 13] as well as the behavior (solubility and physical properties) of the monomers in pressurized water [14] .
All the above-mentioned enhanced transport properties reveal the potential of PHW to be used to extract -glucans from barley. As a previous step to the extraction study it is necessary to perform one dissolution study in order to quantify the way the high temperatures and pressures affect -glucans and starch (since it is the major component of barley and the major coextracted compound with theglucan). Therefore, the purpose of the present work is to quantify the extent of degradation that these molecules suffer as a function of the working conditions. A solid product concentrated in -glucans (36.5% and 25.4% of starch) was used, since all the mass transfer limitations derived from the water diffusing into the solid matrix and the release of the polysaccharide had to be avoided. The concentration of starch and -glucans reached under different conditions was measured and the molecular weight of the -glucans was also measured in order to quantify the extent of hydrolysis it was suffering.
Materials and Methods

Raw Material.
A high molecular weight -glucan concentrate (36.5% in -glucan (molecular weight 450 kDa) and 25.4% in starch) was used in this study. This concentrate was obtained in our laboratory, using waxy barley (4.8% inglucan and 52.0% in starch, both in dry basis) as primary source of -glucan. Barley was pretreated with ethanol under reflux for two hours (flour to ethanol (80% v/v) ratio of 1 to 6) in order to deactivate -glucanases and obtain a high MWglucan. The isolation procedure was done at 55 ∘ C for 3 hours using water as solvent, according to [3] . The liquid extract obtained was dried by means of the Mobile Minor Spray Dryer (GEA NIRO, Denmark). The most significant operating conditions were as follows: dry air inlet temperature, 160 ∘ C; outlet temperature 87-90 ∘ C; atomization wheel spinning at 21000 rpm; and sample flow rate to the dryer about 1 L/h. After all this isolation procedure a dry fine powder rich in -glucans was obtained.
Experimental Device.
All the experiments were carried out in a 30 mL internal volume High-Pressure View Chamber (Eurotechnica GmbH, Germany). The maximum operating pressure and temperature of this device are 300 bar and 500 ∘ C, respectively. It consists of two sections: the view chamber where water is introduced and the pressure and temperature are adjusted, and the area where the solid sample (that has been previously compressed to form a pill, which had an approximate weight of 0.5 gram) is introduced. This area is filled up with water at room temperature and pressurized. These two zones are separated by a valve; once the desired conditions of pressure and temperature in the chamber are achieved, the valve is opened and the sample is introduced in the view chamber (where stirring can be provided). Finally, after the experiment is concluded a sample of the liquid extract can be taken in order to analyze the compounds that have been dissolved and formed during the experiment.
Chemical Analysis. Megazyme International Ltd.
"Mixed-linkage -glucan" and "Total Starch" assay kits were used to quantify -glucan and starch, respectively. Both species were measured in the liquid extract following the standard procedure modifications proposed by Megazyme International Ltd. (Ireland). The concentration of -glucan dissolved was reported in g of -glucan/100 g of water. In the mass balance calculations, the variations in density that water experiences when changing temperature and pressure were considered, which results in variations in mass of water introduced in the chamber. Starch dissolved was analyzed following a modification of the general protocol: "starch is present in a soluble form and D-glucose and maltodextrins are present." Results were expressed in mg/L. Molecular weight of -glucan was determined by Size Exclusion Chromatography (HPLC-SEC) using a chromatography system that consisted of an isocratic pump (Waters 1515), an automatic injector (Waters 717), guard column (Shodex SB-G), and a GPC column (Shodex OHpak SB-804HQ) and a differential refractive index detector (Waters 410). The column was kept at 35 ∘ C, and flow rate of the mobile phase (0.1 M NaNO 3 + 0.02% NaN 3 ) was set at 0.5 mL⋅min −1 . The -glucan molecular weight standards were purchased from Megazyme International Ltd. (Ireland) and were in the range 40-359 kDa.
For the measurement of oligosaccharides and sugars (cellobiose, fructose, glucose, and HMF) formed in the extraction process, HPLC was used. Chromatography system was essentially the same used for MW determination (pump, injector, and detector, including an UV/Visible Detector Waters 2489); column and guard column were purchased from Shodex (model KS-802, guard column KS-G) and set at 60 ∘ C and mobile phase (MilliQ water) was set at 0.8 mL⋅min −1 .
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Experimental Procedure.
In all the experiments a 0.5 g pill of -glucan concentrate was introduced in the view chamber (30 mL), where it was vigorously stirred. Temperature was changed from 120 to 170 ∘ C and the experiments lasted from 5 minutes to 6 hours. In order to keep water in liquid state in all the experiments pressure was kept at 20 bar. Also some experiments at 55 ∘ C and 20 bar were done. They were used as control and basis for the comparison with the results obtained in pressurized hot water. After the experiment a 15 mL sample was taken and used to analyze -glucan, starch, and sugars/oligosaccharides contents. This sample was also used to determine the molecular weight of the -glucan dissolved after being exposed to the high temperatures and pressures.
To evaluate the combined and simultaneous effect to time and temperature the severity factor was introduced and calculated according to 0 = ⋅ exp ( − 100 14.75 ) .
Results and Discussion
Dissolution of -Glucan.
The effect of temperature and time on the -glucan dissolution was studied in this section. The experiments were done at 120, 150, and 170 ∘ C and lasted from 5 minutes to 6 hours. In order to keep water in liquid state, pressure was set at 20 bar. A control experiment was performed (55 ∘ C, 20 bar and 5 minutes to 6 hours). Results can be observed in Figure 1 .
In general terms, and according to Figure 1 , it can be seen that the higher the temperature the more -glucan dissolved. At 55 ∘ C the highest concentration in the liquid extract was obtained after 3 hours (1.2 g/L); longer extraction experiments did not increase the amount of -glucan dissolved; in fact the concentration of -glucan began to decline very slightly. The similar trend was observed when the extraction of -glucan from barley was carried out in a stirred tank at atmospheric pressure at 55 ∘ C: the maximum extraction yield was 47.2% after three hours (corresponding to a concentration of 2.3 g/L) but decreased to 44.3% when Table 1 : -glucan maximum concentration and molecular weight obtained in the optimal conditions using PHW as solvent (pressure 20 bar). the extraction lasted 5 hours [3] . According to these results, an increase in pressure at low temperatures does not enhance the solubility of -glucans in water. However, when temperature was increased above 100 ∘ C two different phenomena were observed according to Figure 1 : first, the maximum amount of -glucan was increased significantly at 120 ∘ C and dramatically above 150
∘ C compared to the results obtained at 55 ∘ C; second, this maximum amount of -glucan dissolved was achieved in much shorter times, in all the cases below 1 hour. This represents a reduction of more than two hours compared to the low temperature experiment. After this maximum, the concentration of -glucans began to decrease in a very fast way: the higher the temperature the faster the decrease.
It can be seen that PHW helps to increase the amount of -glucan dissolved with a reduction of the time required, as summarized in Table 1 : at 120 ∘ C the maximum concentration was detected after 60 minutes; at 150 ∘ C it was after 45 minutes and at 170 ∘ C only 15 minutes were required to have the highest concentration of -glucans.
These results represent a clear linear correlation between time and temperature: the higher the temperature the lower time required to get the highest concentration of -glucans; however, from that linear correlation a maximum theoretical temperature to be used for the -glucan dissolution was calculated and resulted in being around 185 ∘ C. The presence of this temperature limit can be explained using Figure 1 : when using water at temperatures above 120 ∘ C a completely different pattern of dissolution is observed compared to that registered at 55 ∘ C. At high temperatures two zones can be distinguished: a first one where a rapid increase of the amount of -glucan dissolved is observed until a maximum value of concentration is reached. The time to get the maximum is shorter when the temperature is higher, but this does not mean that the shorter the time the higher the concentration, as shown in Figure 1 . The second zone is found after the maximum, where the concentration of -glucan begins to decrease. The concentration of -glucan dissolved after six hours converges in the value 1 g/L, regardless of the temperature. After a closer analysis of the two observed zones, it can be concluded that the first zone would indicate the dissolution period, and this period is shorter when temperature is increased. On the other hand, the second zone would indicate the degradation of the -glucan already dissolved. In order to verify this hypothesis, the main degradation products will be studied and results presented in Section 3.3.
From these experimental results it can be concluded that temperature accelerates the dissolution of -glucan, probing the clear relationship between the time to get the highest concentration and the temperature. It also shows the second effect that the increase of temperature has on polysaccharides: their degradation. The concentration of -glucans decreased with the time of exposure at all the tested temperatures. The specific effect that each one of the variables has on the -glucan dissolution is not very clear, since at 170 ∘ C, despite of the short times to get the maximum concentration, the maximum concentration measured is lower than that achieved at 150 ∘ C. This would indicate that, at short times, the effect of temperature on the degradation of the -glucans is greater than on the dissolution: hydrolysis begins to be faster than dissolution and the final concentration of -glucans is lower. Therefore, the theoretical maximum calculated at 185 ∘ C would indicate that the hydrolysis of the -glucan is as fast as its dissolution, and no -glucan would be detected under those conditions. In order to verify this and to evaluate the simultaneous effect that time and temperature have on the concentration of the -glucan dissolved, concentration of -glucan versus the logarithm of the severity factor was represented, resulting in Figure 2 .
The highest value of -glucan concentration corresponds to a log 0 of 3.2 (approximately 150 ∘ C and 60 minutes extraction time). The combined effect of temperature and time is strong on the -glucan concentration as it can be seen in Figure 1 ; high intensity conditions tend to degrade theglucan.
Evolution of the Starch Concentration.
In the conventional extraction process the starch coextraction was seen as one of the major drawbacks to increase the extraction temperature, since the increase of the temperature (above 63 ∘ C) led to the gelatinization of starch despite the increase in -glucan solubility. The behavior of the starch at high temperatures it is not well known, and therefore it is necessary to perform this study. The starch concentration in the liquid at the studied temperatures can be observed in Figure 3 . At high temperatures starch presents relatively high concentrations in very short times; afterwards, concentration begins to decrease dramatically. After one hour of experiment starch concentration decreased dramatically. Concentration remained almost constant and below 100 ppm after 1 hour at 170 ∘ C and after 3 hours at 150 ∘ C. A different trend was observed at 120 ∘ C, where the maximum amount of starch was observed after three hours; from that moment on a rapid decrease in concentration was observed. A quite similar trend was observed at 55 ∘ C but the concentration of starch was significantly lower.
At high temperatures starch dissolution is very fast, but almost immediately hydrolysis occurs, probing the rapid decrease in concentration. At medium temperatures dissolution is slower and the amount of starch dissolved is significantly lower.
This behavior of starch will have to be evaluated when using barley as raw material, but as it can be seen in Figures  1 and 3 , high temperatures help to increase the amount of -glucan dissolved decreasing the concentration of dissolved starch. In PHW starch is degraded rapidly, much faster than -glucans; therefore, gelatinization will not happen and will not hinder the extraction of -glucans.
Hydrolysis By-Products.
As a consequence of the exposure to the high temperatures for long times, the degradation of the polysaccharides ( -glucan and starch) may occur. This hydrolysis process is very complex since different types of reaction are taking place: hydrolysis, isomerization, bond cleavage, and dehydration [12] . However, it is possible to identify some key degradation compounds: cellobiose, which has given the structure of -glucans based on cellotriosyl and cellobiose blocks [1] that would indicate a first step in the depolymerization process of the -glucan; other compounds such as glucose and fructose (that might appear as a consequence of an isomerization process of the glucose that only happens at high temperatures [12] ) represent the second stage in the degradation of the polysaccharides and finally the presence of 5-hydroxymethyl-2-furaldehyde (HMF) would indicate the complete degradation of the hexoses [13] . The presence of this compound makes the solution have a dark color; the more the concentration the darker the solution. Figure 4 shows the evolution in the color of solutions at different temperatures after one hour of processing. HMF was only detected in the experiments where the log 0 was greater than 3.2 (this corresponds to a condition of 150 ∘ C and more than 60 minutes). At 170 ∘ C was also detected and in much higher concentrations. The practical limit for the dissolution of the -glucan in PHW is the presence of HMF. To avoid its presence, temperature should be kept around 150 ∘ C and times below 60 minutes; under these conditions the amount was of -glucan is maximized, the starch concentration is clearly lower than that of -glucan, and the complete degradation of -glucan has happened. HMF concentration versus the logarithm of the severity factor is represented in Figure 5 .
As the optimal temperature seems to be 150 ∘ C, the main degradation products will be presented for this temperature. Glucose and cellobiose concentrations are the most significant as it is shown in Figure 6 .
Cellobiose concentration presents a slight decrease along the extraction process; as concentration remains almost constant, -glucan degradation is quite limited. This means that the increase in the glucose concentration can be attributed to the degradation of starch, whose concentration decreases along the time. Glucose concentration keeps decreasing, as well as fructose; meanwhile, HMF concentration is increasing as well as other degradation products such as pyruvaldehyde.
Effect on the Molecular Weight.
For each temperature an optimum time was found in order to maximize the concentration of -glucans in the liquid phase. It was 75 min for 120 ∘ C; 45 min for 150 ∘ C, and 20 min for 170 ∘ C. Under these conditions a new experiment was performed to check the effect that these conditions of time and temperature have on molecular weight. Results are summarized in Table 1 . It can be seen how temperature helps in the loss of molecular weight; this reduction in molecular weight can be good for applications that require low molecular weight -glucans. PHW would help to decrease the molecular weight of theglucans without the requirement of an enzyme or other more complex ways that can be found in the literature (enzymatic treatment; ultrasounds, gamma irradiation). But in the cases that -glucans are required with high MW, a careful selection of the extraction conditions will have to be done, in order to preserve it.
Conclusions
The aim of the present work was to study the behavior of -glucans and starch in water at high temperatures and quantify the extent of degradation that suffers as a function of the working conditions. It was seen that water at high temperatures helps to decrease the required time to dissolve -glucans and to decrease the amount of starch dissolved. High temperatures (170 ∘ C) help to achieve the maximum amount of dissolved -glucan at shorter times, below 10 minutes; even though the maximum amount solubilized is lower than that at 150 ∘ C (2.2 g/L). The best conditions were 150 ∘ C and times below 45 min. Once the -glucan is dissolved, it begins to be degraded (reduction in the MW and presence of degradation compounds such as HMF); degradation is faster for higher temperatures. A significant reduction in the molecular weight was observed: initially it was 450 kDa; after 45 min at 150 ∘ C it was 8 kDa and 7 kDa after 20 min at 170 ∘ C.
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International Journal of Carbohydrate Chemistry These results will be useful to delimit the experimental range in terms of temperature (from 120 to 170 ∘ C) and time (from 20 to 60 min) to be used in the extraction of -glucans from barley. In that case, it will be necessary to evaluate not only the solubility but also how PHW helps to overcome the mass transfer limitations in the extraction from the vegetable matrix and the way that molecular weight is affected, as the vegetable matrix and the endogenous -glucanases are affected.
